In this study, the K shell intensity ratios K β /Kα have been experimentally determined for the elements Cr, Mn, Fe, and Co. Measurements have been carried out at 8.735 keV excitation energy by using secondary excitation method. K X-rays emitted by samples have been counted by a Si (Li) detector with 160 eV resolutions at 5.9 keV. The measured values were compared with the calculated theoretical values. The obtained values are in good agreement with the calculated values.
Introduction
K X-ray intensity ratios and K shell X-ray production cross-sections are important for non-destructive trace element analysis using energy-dispersive XRF in various phenomena in the fields of atomic and nuclear physics. In the X-ray analytical methods, an energetic beam of primary radiation hits the sample, causes primary ionizations in different inner shells of the atoms. De-excitation of the atom from the ionized state emits characteristic X-ray line which is used for analysis. The measurements of K β /K α intensity ratios are important for comparison with theoretical predictions based on the atomic models in order to test the validity of these models. The K α X-rays arise from the L-to the K shell transitions. The K β X rays arise from the M -, N -, O-, etc. to the K-shell transitions.
In recent years, there are theoretical models based on the result of multi-configuration Dirac-Fock (MCDF) calculations, on the K X-ray intensities, for reliable descriptions of very complex X-ray spectra of multiply ionized atoms [1] [2] [3] . Polasik has theoretically determined influence of changes in the valence electronic configuration on the K β -to-K α X-ray intensity ratios of the 3d transitions metals [4] . The study of Polasik is based on MCDF and the Coulomb and Babushkin gauges [5, 6] . There are especially important studies of the K β /K α Xray intensity ratios for 3d transition elements by Raj et al. and Pawlowski [7] [8] [9] [10] [11] [12] [13] .
Also, there have been various investigations on K Xray fluorescence cross-sections and intensity ratios. Ertuğrul et al. have measured intensity ratios in element range 22 ≤ Z ≤ 69 at 59.5 keV [14] . Ertuğrul and Şimşek have measured X-ray relative intensities of Tm, Yb, Lu, Ta, W, Re, Au, Hg, Tl, Pb, Bi, Th, and U elements [15] . Ertuğral et al. have investigated K β /K α X-ray intensity * e-mail: ryilmaz@yyu.edu.tr ratios for elements in the range 16 ≤ Z ≤ 92 excited by photons with 5.9, 59.5, and 123.6 keV energies [16] . Dhal and Padhi have investigated relative K X-ray intensities on the elements from Mn to Sb using 59.5 keV γ-rays [17] . Chemical effects on the K β /K α intensity ratios and on the enhancement of the Coster-Kronig transitions have been investigated [18] . Söğüt et al. have measured an alloying effect on the intensity ratios in Cr-Ni and Cr-Al alloys [19] . Photon-excited K X-ray fluorescence crosssections have been measured for some light elements in the range 20-60 keV by Rao et al. [20] . Krause has theoretically determined the K X-ray production crosssections for all the elements at energies ranging from 10 to 60 keV [21] . Our earlier study is related to measurements of K-shell X-ray production cross-sections and fluorescence yields for some elements in the atomic number range 28 ≤ Z ≤ 40 using secondary method [22] . K shell X-ray fluorescence cross-sections have been measured for some elements [23] [24] [25] . Özdemir et al. have investigated K X-ray intensity ratios of some 4d transition metals depending on the temperature [26] . K and L X-ray production cross-sections and intensity ratios of rare-earth elements for proton impact in the energy range of 20-25 MeV were reported by Hajivaliei et al. [27] . Also, there are important theoretical estimates based on relativistic Hartree-Fock and Hartree-Slater theories calculated by Scofield [28, 29] .
In this work, we reported the measurements of the Xray production cross-sections and the X-ray intensity ratios for Cr, Mn, Fe, and Co by 8.735 keV photons using secondary excitation method.
Experimental procedure and calculations
The experimental setup is shown in Fig. 1 . In this work, the measurements have been carried out for Cr, Mn, Fe, and Co elements. The purity of commercially obtained materials was about 99%. Powder samples were sieved to 400 mesh size. The samples were irradiated by 16.896 keV excitation energy using secondary source. K X-rays emitted by samples have been counted by a Si (Li) R. Yılmaz detector with 160 eV resolutions at 5.9 keV. The samples were excited by the K X-rays of secondary source excited at 59.5 keV γ-rays from a 241 Am point source. Fluorescent X-rays spectra were recorded by a calibrated Si (Li) X-ray spectrometer (FWHM = 160 eV at 5.96 keV, active area = 12.5 mm 2 , sensitivity depth = 3.5 cm, Be window thickness = 12.5 µm) coupled to a Nuclear Data MCA system (ND66B) consisting of a 4096-channel analyzer and spectroscopy amplifier. The net peak areas of the K X-rays of each target were determined after background subtraction, tallying and escape-peak corrections. The secondary excitation source was pure Zn (99.99%). The excitation energy was taken as the average of K α and K β X-ray energies. For Zn, weighted averages K αβ energy is 8.735 keV [30] .
The intensity ratio values of the K X-rays are given by [16] :
where N Kβ /N Kα is the ratio of the counting rates under the K α and K β peaks, β Kα /β Kβ the ratio of the self-absorption correction factor of target, and ε Kα /ε Kβ the ratio of the detector efficiency for K α and K β X-rays. A typical K X-ray spectrum for Fe is shown in Fig. 2 . The K-shell X-ray production cross-sections (σ Kα and σ Kβ ) required for the determination of K β /K α intensity ratios were evaluated by measuring the characteristic K X-ray intensities for cited range of elements. The experimental K X-ray production cross-sections were measured using the following relation:
where N Ki (i = α, β) is the number of counts per unit time under the corresponding photo peak. I 0 is the intensity of exciting radiation, G is the geometrical factor, ε Ki is the detector efficiency for the K i X-rays, t is the mass of the sample in g/cm 2 and β is the self-absorption correction factor for the incident photons and emitted K X-ray photons. β is calculated by using the relation [16] :
where µ 1 and µ 2 are the absorption coefficients (cm 2 /g) of incident photons and emitted characteristic X-rays, respectively [31] . The angle of incident photons and emitted X-rays, with respect to the normal at the surface of the sample, θ was equal to 45
• in the present setup. In the present study, as shown in Fig. 1 , the values of the factors I 0 εG, which contain terms related to the incident photon flux, the efficiency of the X-ray detector and geometrical factor, were determined by collecting the K X-ray spectra of thin samples of Ti, V, Ni, Cu, and Ga in the same geometry in which the K X-ray fluorescence cross-sections were measured and using Eq. (4). Also, the efficiency curve at 8.735 keV was given in Fig. 3 .
N Ki , β and t were given in Eq. (2). 
Theoretical method
The theoretical values of K X-ray production crosssections σ Kα and σ Kβ have been calculated using the following equations [23] :
where σ P K (E) is the K-shell photoionization cross-section for the given element at excitation energy E, ω K is the Kshell fluorescence yield and f Kα and f Kβ are fractional Xray emission rates for K α and K β X-rays and are defined as [32] :
where I Kβ /I Kα is the K β to K α X-ray intensity ratios. In the present calculations, the values of σ P K (E) were taken from the Scofield based on Hartree-Slater potential theory [33] , and the values of ω K were taken from the tables of Krause [21] .
Results and discussion
The measured values of K α and K β X-ray production cross-sections and K β /K α X-ray intensity ratios for Cr, Mn, Fe, and Co by 8.735 keV photons using secondary excitation method are listed in Tables I-III , respectively, with the theoretical and other experimental values. The overall error in the present measurements is estimated to be <8%. This error is the quadrature sum of the uncertainties in the different parameters used to deduce K X-ray production cross-sections, namely, the error in the area evaluation under the K α and K β Xray peak (2%), in the self-absorption correction factor ratio (<1%), the product I 0 εG(5%) and the other error in the non-uniform thickness(<1%). In this work, in order to reduce the absorption, thin samples were also used as the target;furthermore, an absorption correction was also performed for each sample. In order to reduce the statistical error, the spectra were recorded and about 5000-6000 counts were collected under the K α and K β peaks. These values have been plotted as a function of the atomic number as shown in Fig. 4 and Fig. 5 . These experimental K β /K α X-ray intensity ratios for Cr, Mn, Fe, and Co have been compared with theoretical estimates based on MCDF calculations of Polasik [4] . These values have been plotted as a function of the atomic number as shown in Fig. 6 . Our experimental values agree to within 8-13% of the K β /K α intensity ratios obtained using the Coulomb and Babushkin gauges of Polasik.
In conclusion, the present agreement between the theoretical and present experimental values leads to the conclusion that the data presented here will benefit those using the radioisotope XRF technique because of their application area. 
